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-CD-MOF complex functionalized
film for fish meat safety and freshness

Meimei Guo,a Tahirou Sogore,a Jin Huang,a Xinyu liao,c Mofei Shen*b

and Tian Ding *ac

In this study, we developed a functionalized film for packaging refrigerated fish fillets. The functionalized

film was produced using a g-cyclodextrin metal–organic framework (g-CD-MOF) loaded with gold

nanoparticles (g-CD-MOF complex), with polydimethylsiloxane serving as the substrate. The obtained

functionalized film significantly enhanced antioxidant activity, demonstrating a 44% 2,2-diphenyl-1-

picrylhydrazyl radical (DPPHc+) scavenging rate and a 58% 2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) radical (ABTSc+) scavenging rate, much higher than those of the pure film. Furthermore,

the functionalized film reduced the bacterial counts of Escherichia coli O157:H7 (E. coli O157:H7) by

approximately 99.4% and Staphylococcus aureus (S. aureus) by approximately 80% within 24 hours.

Moreover, the functionalized film maintained the pH within 6.70 ± 0.02 and the volatile basic nitrogen

(TVB-N) value within 8.71 mg/100 g on day 4. It also exhibited a lower total viable count (TVC) value

compared to both the control and pure film groups during the first four days, significantly improving the

storage safety of refrigerated fish meat. Additionally, the embedded g-CD-MOF complex affected the

tensile strength, water contact angle, and water vapor transmission rate (WVTR) of the functionalized

film. In conclusion, this functionalized film increased the shelf life of refrigerated fish fillet samples by

inhibiting microbial growth and reducing the oxidation rate, compared to the control sample.
Sustainability spotlight

This study drives sustainable food packaging innovation by tackling sh spoilage and eco-harmful nanoparticle synthesis. We develop a functionalized lm
using a g-CD-MOF (a biocompatible, “edible” material from g-cyclodextrin and alkali metals) for in situ gold nanoparticle synthesis, requiring no toxic
surfactants/stabilizers needed and thereby avoiding hazards of traditional methods and limitations of biological synthesis. With polydimethylsiloxane (low-cost,
stable, inert) as the substrate, the lm delivers dual value: its strong antioxidant/antimicrobial properties reduce sh TVB-N, pH, and TVC, cutting spoilage-
related food waste (meat products oen lose up to 40% of production). Its biocompatible components also minimize post-use environmental impact, out-
performing conventional packaging. By integrating green synthesis, seafood waste reduction, and safe packaging, this research aligns with SDG 12 (Responsible
Consumption and Production) and supports aquatic product sustainability, offering a practical path for eco-friendly food packaging.
1 Introduction

Ensuring the safety and quality of food products during storage
is a critical issue for both industries and governments. Meat
products, in particular, are highly susceptible to spoilage, with
up to 40% of production potentially lost.1,2 Fish is a rich source
of high-quality protein, providing essential amino acids,
minerals, and highly unsaturated fatty acids.3 These nutrients
are crucial for human nutrition and digestive processes.
However, during the postmortem stage of sh, the various
nutrients within the tissue undergo enzymatic and microbial
Science, Zhejiang University, Hangzhou,

ring, Zhejiang University of Technology,
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degradation, resulting in the formation of new chemical
compounds, such as reactive aldehydes and other degradation
by-products. These compounds are primarily responsible for
the spoilage process of sh.4 As such, sh with an extended
shelf life is essential for both producers and consumers.

Fish processing and preservation techniques have been
developed to inhibit or slow microbial growth. Recently, nano-
composite lms incorporating antimicrobial agents such as
essential oils, bacteriocins, antimicrobial enzymes, or metal
nanoparticles have been developed. Metal nanoparticles are
widely recognized for their promising antimicrobial properties,
owing to their small size and high surface area-to-volume ratio,
which provide an extensive reactive surface capable of interacting
effectively with microorganisms.5 They can be readily integrated
with other biomaterials to enhance antibacterial activity.6 For
example, CuO nanoparticle complexes have been incorporated
into polylactic acid/poly(butylene adipate-co-terephthalate)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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composite lms and used for antimicrobial food packaging
materials.7 A silver–carrageenan (Ag/Carr) nanocomposite lm
for food packaging was reported. The antimicrobial properties of
the synthesized lms were explored, and these lms were
employed for the storage of cottage cheese (dairy product) and
strawberries (fruit).8 Additionally, antimicrobial composite lms
for fruits containing ZnGlu MOF particles have been reported,
with jasmine essential oil as the active component incorporated
into the MOF channels.9 Furthermore, gold, silver, copper,
cobalt, indium, tungsten, tin, aluminum, chromium, zinc,
manganese, tantalum, and titanium-based nanoparticle thin
lms are reported to have good antimicrobial activity.10–12 Among
these metal nanoparticles, gold nanoparticles have garnered
signicant interest from researchers due to their low toxicity and
excellent biocompatibility.13

Gold nanoparticles are generally synthesized via physico-
chemical and biological methods, but both have limitations:
the former uses hazardous/toxic substances, harming health
and the environment;14 the latter is restricted by limited
biomaterials, long synthesis, poor organism regulation, and
large particle size variability.15 Therefore, in this study, gold
nanoparticles were green-synthesized in situ using a g-CD-MOF,
which is composed of g-cyclodextrin and alkali metal ions (e.g.,
K+). As a biocompatible multifunctional material with perma-
nent porosity, the g-CD-MOF not only contains abundant
hydroxyl groups but also features –OCCO– binding groups on its
primary and secondary faces, enabling complexation with metal
ions. Additionally, its porous structure allows absorption of
guest molecules (e.g., nanoparticles), collectively supporting the
in situ green synthesis without the need for additional
reagents.16,17 In contrast, in the production of plant ber-based
food packaging materials, chemical compounds such as
monomers and additives are necessary. Furthermore, modied
or bleached plant bers may pose safety risks due to unclear
toxicity mechanisms and toxicological effects.18 Additionally,
the release of microplastics from plastic packaging has raised
concerns about human health and safety. Microplastics with
small particle sizes can accumulate in various organs and
tissues, and may have adverse effects on human health.19

Therefore, the “edible” nature of the g-CD-MOF offers a safety
advantage, making it a promising material for applications in
food packaging.20,21 Furthermore, polydimethylsiloxane has
been used in the packaging eld due to its exceptional proper-
ties, including excellent thermal stability, biocompatibility,
resistance to corrosion, exibility, low cost, ease of fabrication,
and chemical inertness, among others.22–24

In this study, a functionalized lm was successfully synthe-
sized and characterized in terms of its appearance, thermal
stability, and mechanical properties. Subsequently, this lm
was applied to the preservation of sh meat. The results indi-
cated that the functionalized lm exhibited excellent antioxi-
dant and antimicrobial properties. Moreover, compared with
a pure lm, the functionalized lm could reduce the total
volatile basic nitrogen (TVB-N), pH, and total viable count (TVC)
values of sh meat to a certain extent. As a result, this func-
tionalized lm shows great potential for use in sh meat
packaging.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2 Materials and methods
2.1 Materials

2,20-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (98%)
and 2,2-diphenyl-1-picrylhydrazyl (98.5%) were purchased from
Shanghai Macklin Biochemical Co. Ltd (Shanghai, China). g-CD
(98%) and potassium hydroxide (KOH, 90%) were purchased
from Shanghai Macklin Biochemical Co. Ltd (Shanghai, China).
Polyethylene glycol 8000 (PEG 8000) was purchased from
Shanghai Aladdin Bio-Chem Technology Co. Ltd (Shanghai,
China). Methanol (MeOH, 99.5%), acetonitrile (99.5%),
chloroauric acid (47.8%) and dichloromethane (99.5%) were
obtained from Sinopharm Chemical Reagents Co. Ltd
(Shanghai, China). Experimental ultra-pure water was pro-
cessed by a Smart-N system (Heal Force Biotech, Hk). Staphy-
lococcus aureus (ATCC 25923), Escherichia coli O157:H7 (ATCC
35150), LB Broth, and LB Nutrient Agar were purchased from
Qingdao Hope Bio-technology Co., Ltd (Qingdao, China).
Phosphate Buffer Saline (PBS) was purchased from Beijing
Solarbio Science & Technology Co., Ltd (Beijing, China). The
large yellow croakers used in the experiment were all purchased
from a supermarket.
2.2 Preparation of lms

The g-CD-MOF and its complex were synthesized according to
the methods outlined in our previous studies.13 The preparation
of the pure lm and functionalized lms followed the proce-
dure described in our earlier work.13 More detailed information
is listed in SI.
2.3 Characterization of lms

A scanning electron microscope (SEM, Gemini SEM 360, ZEISS,
Germany) tted with an energy-dispersive X-ray spectroscopy
(EDS) detector was used to investigate the morphological
features of the functionalized lm. To obtain a smooth,
uncontaminated surface for cross-sectional observation, the
functionalized lm was rst frozen and then fractured using
liquid nitrogen. Before the SEM measurement, the fractured
lm samples were attached to conductive adhesive tape and
sputter-coated with a thin layer of platinum to improve elec-
trical conductivity.

Powder X-ray diffraction (PXRD) (D8 Advance, Bruker, Ger-
many) was performed on the samples. The experimental
conditions were 40 kV tube voltage and 40 mA tube current. All
the samples were analyzed over a 2q angle at a stepwise scan
increment of 0.02° with a scanning speed of 0.1 s per step. A
Fourier transform infrared spectrometer (FTIR) (Nicolet IS50,
Thermo Fisher, USA) was used to collect the spectra of the
samples. The samples were thoroughly ground and mixed with
potassium bromide before being pressed into a translucent
sheet for testing. The wave number range was 500–4000 cm−1

with a resolution of 4 cm−1. Additionally, an X-ray photoelec-
tron spectrometer (XPS) (AXIS SUPRA+, Shimadzu, Japan) was
employed to characterize the surface elemental composition
and chemical environments of the g-CD-MOF complex.
Sustainable Food Technol., 2026, 4, 1144–1156 | 1145
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Thermogravimetric analysis (TGA) was carried out on the
functionalized lm with a STARe System TGA2 instrument
(Mettler Toledo, Switzerland). Approximately 5 mg of the func-
tionalized lm sample was used for each TGA test, which was
placed in a Tzero aluminum crucible. The sample was heated
from 25 °C up to 700 °C at a constant heating rate of 10 °C per
minute, and a nitrogen ow of 50 mL min−1 was kept
throughout the process to protect the sample from oxidation.
An ultraviolet spectrophotometer (UV-2600, Shimadzu, Japan)
was employed to conrm whether g-CD-MOF complex crystals
were present in the functionalized lm. The verication process
involved two main steps: rst, both the g-CD-MOF complex and
the functionalized lm were soaked in pure water to prepare
solutions with a concentration of 1 mg mL−1. Then, ultraviolet-
visible (UV-Vis) absorbance spectra of these two solutions were
measured, covering the wavelength range from 300 nm to
700 nm.

2.4 Mechanical properties and water contact angle analysis

A universal testing machine (model Z020, ZwickRoell, Germany)
was utilized to assess the mechanical properties of the func-
tionalized lm. During the tests, the stretching speed was
adjusted to 50 mm per minute, and all measurements were
carried out under room temperature conditions. To ensure data
reliability, each mechanical test was conducted in triplicate. For
the determination of water contact angles, sample discs with
a diameter of 1 cm were cut from both the pure lm and the
functionalized lm. To obtain accurate contact angle values,
ve separate measurements were taken for each lm sample,
and the results were averaged for subsequent analysis.

2.5 Antioxidant activity

Antioxidant activities of the functionalized lms were assessed
using DPPHc+ and ABTSc+ scavenging methods.25,26 For DPPH
analysis, a fresh methanolic solution of DPPH (0.2 mM) was
prepared, and 50 mg of the lm sample was added to a 10 mL
DPPH solution. The mixture was incubated for 30 minutes at
room temperature, and then the absorbance was measured at
517 nm. For ABTS analysis, potassium sulfate (2.45 mM) was
mixed with ABTS solution (7 mM) in equal volumes and incu-
bated for 12–16 hours in the dark to prepare the ABTS assay
solution. Then, 500 mg of lm sample was added to 10 mL of
the ABTS assay solution, and themixture was incubated at room
temperature for 30 minutes in the dark. The absorbance was
then measured at 734 nm. The antioxidant activity of all the
lms was determined as follows:

Free radicalscavenging activityð%Þ ¼ Ac � As

Ac

�%

where Ac and As represent the absorbance of DPPH and ABTS for
the control and lm samples, respectively. The test was repeated
in triplicate.

2.6 Antibacterial activity

To assess the lms' antibacterial activity, two model bacterial
strains were selected: S. aureus and E. coli O157:H7. First, these
1146 | Sustainable Food Technol., 2026, 4, 1144–1156
bacterial strains were grown in LB medium. The culture was
maintained at 37 °C with constant shaking at 180 rpm for a 17-
hour period. Using the plate count technique, the bacterial
suspension was diluted with sterile PBS to a nal concentration
of 1× 106 CFUmL−1. Next, 100 mL of this standardized bacterial
solution was pipetted onto the surface of two types of lms:
pure lms and functionalized lms. Each lm had a diameter of
18 mm. To ensure thorough contact between the bacterial
solution and the lm surface, a second lm was placed on top of
the bacterial suspension, creating a sandwich-like structure.
These lm–bacteria assemblies were then incubated at 37 °C for
24 hours. Post-incubation, 4900 mL of PBS was added to the
system to rinse the lms and dilute any remaining bacterial
solution. The number of viable bacterial colonies was subse-
quently quantied using the plate count method once more.
Additionally, a transmission electron microscope (TEM) (JEM-
1230 TEM, HITACHI, Japan) was used to examine the
morphological changes in the bacterial cells.

2.7 Antibacterial mechanism

Cell membrane integrity was evaluated by quantifying the
leakage of nucleic acids and proteins into the bacterial
suspension. This quantication was performed using an
ultraviolet-visible spectrophotometer (Model: NanoDrop One/
One C, Manufacturer: Thermo Scientic, U.S.A.). Specically,
nucleic acid concentration was determined by measuring the
optical density (OD) at a wavelength of 260 nm, while protein
concentration was assessed via OD measurement at 280 nm, in
accordance with previously established protocols.27–29 For
sample preparation, bacterial solutions exposed to functional-
ized lms for different time intervals were subjected to centri-
fugation. The centrifugation process was conducted at
8000 rpm for 10 minutes at a temperature of 25 °C. Following
centrifugation, the supernatant was collected to determine the
absorbance values at 260 nm and 280 nm. Separately, the
mitochondrial membrane potential of bacteria was evaluated
using the Rhodamine 123 (Rh 123) uorescent staining
assay.30,31 Bacterial solutions aer treatment were rst centri-
fuged at 25 °C, 8000 rpm for 10 minutes. The resulting bacterial
pellet was then washed three times with PBS. Aer washing, the
bacteria were resuspended in 1 mL of Rh 123 solution (with
a nal concentration of 2 mg mL−1) and incubated in the dark at
room temperature for 30 minutes. Post-incubation, the bacte-
rial samples were washed twice with PBS to eliminate unbound
Rh 123. The uorescence spectra of the samples were subse-
quently measured using a multimode microplate reader. The
detection parameters were set as follows: excitation wavelength
at 480 nm, emission wavelength at 530 nm, and a gain value of
80.

2.8 Freshness of large yellow croakers during storage

2.8.1 pH analysis. The pH test was conducted using
a method previously reported with minor modications.32 1 g of
sh muscle sample was treated with pure and functionalized
lms for different durations. The sh was then chopped and
placed into centrifuge tubes. Following this, the chopped sh
© 2026 The Author(s). Published by the Royal Society of Chemistry
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was mixed with 6 mL of distilled water, and the pH of the
mixture was measured using a pH meter (PHS-25, Shanghai
INESA Scientic Instrument Co., Ltd, China).

2.8.2 TVB-N analysis. The TVB-N content is a critical indi-
cator of meat freshness. TVB-N was analyzed using the micro-
diffusion method, according to the GB5009.228-2016 standard.

2.8.3 TVC analysis. Microbial analysis was performed
following a previously reported method with slight modica-
tions.33 Specically, aer treatment with pure and functional-
ized lms, 1 g of chopped sh was placed into a sterile
centrifuge tube containing 9 mL of physiological saline solu-
tion. The mixture was thoroughly homogenized, and serial
dilutions were carried out. Three appropriate dilutions were
selected for further analysis. The plate counting method was
then used to quantify the bacterial colonies, with the results
expressed in log CFU g−1.
2.9 Statistical analysis

All data were analyzed using analysis of variance (ANOVA) in
IBM SPSS Statistics 25.0. When the overall P value for the
Scheme 1 Schematic of preparation of the (a) g-CD-MOF, (b) g-CD-
functionalized film in preserving the freshness of large yellow croakers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
experiment was below the signicance threshold (P < 0.05),
Tukey's test was used to compare the means. Graphs were
generated using Origin 2018 and GraphPad Prism 9, based on
data from three independent replicate experiments.
3 Results and discussion
3.1 Characterization of lms

Scheme 1 presents the preparation process and application of
the functionalized lm. As exhibited in Fig. 1a, the SEM image
of the functionalized lm surface displays a large number of
cubic crystals corresponding to the g-CD-MOF complex. Fig. 1b
demonstrates partial integration of the g-CD-MOF complex
crystals into the matrix of the functionalized lm. In contrast,
Fig. 1c and d provide the surface and cross-sectional SEM
images of the pure lm, respectively, with no embedded crystals
observed in either case.

Fig. 1e presents the PXRD patterns of different samples. As
shown in the gure, the g-CD-MOF complex exhibits distinct
and intense characteristic diffraction peaks, whereas the pure
MOF complex and functionalized film, and (c) the application of the

Sustainable Food Technol., 2026, 4, 1144–1156 | 1147
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Fig. 1 (a) Surface and (b) cross-section SEM images of the functionalized film; (c) surface and (d) cross-section SEM images of the pure film; (e)
PXRD patterns, (f) FTIR spectra, (g) TGA and (h) DTG spectra of the g-CD-MOF complex, pure film, and functionalized film.
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lm and functionalized lm display extremely weak character-
istic peaks without the emergence of new diffraction peaks. This
indicates that the incorporation of the g-CD-MOF complex into
the lm is likely mediated by physical interactions. To further
verify the interaction between the g-CD-MOF complex and the
functionalized lm, FTIR was performed on the samples
(Fig. 1f). The results reveal that the FTIR spectrum of the
functionalized lm is almost identical to that of the pure lm,
with no new absorption bands formed. This conrms that the
interaction between the g-CD-MOF complex and the function-
alized lm is of a physical nature.

The effect of partially embedded g-CD-MOF complex crystals
on the thermal stability of the functionalized lm is illustrated
in Fig. 1g and h. A prominent weight loss of the g-CD-MOF
complex is observed in the temperature range of 250–380 °C,
which is attributed to the thermal degradation of the cyclo-
dextrin component and the full decomposition of the g-CD-
MOF structure.34,35 For the pure lm, a 50% weight loss is
achieved at 595 °C, which aligns with ndings reported in
previous literature.36 By comparison, the functionalized lm
exhibits a 50% weight loss at 520 °C, a temperature notably
lower than that of the pure lm. These results indicate that the
incorporation of g-CD-MOF complex crystals impairs the
thermal stability of the functionalized lm. While the incor-
poration of the g-CD-MOF complex moderately compromises
the thermal stability of the functionalized lm, the lm still
retains satisfactory thermal stability. As illustrated in Fig. 1g,
the functionalized lm exhibits negligible weight loss until the
heating temperature exceeds 300 °C. Notably, the temperature
employed in traditional thermal processing of foodstuffs
generally does not exceed 250 °C.37 Furthermore, to pursue
healthier and more nutritious food products, non-thermal
processing technologies have been increasingly adopted in
recent years.38
1148 | Sustainable Food Technol., 2026, 4, 1144–1156
Fig. 2a shows the UV-Vis absorption peaks of the g-CD-MOF
complex and the functionalized lm aer immersion in water,
with these peaks being ascribed to gold nanoparticles.39 This
observation conrms the successful incorporation of g-CD-MOF
complex crystals into the functionalized lm. To further verify
the formation of gold nanoparticles, XPS analysis was per-
formed on the g-CD-MOF complex. The results revealed char-
acteristic peaks at 87.8 eV and 84.1 eV, which are attributed to
Au 4f5/2 and Au 4f7/2, respectively (Fig. S1). These ndings
conrm the successful formation of gold nanoparticles. Addi-
tionally, the gold content in the g-CD-MOF complex was
determined, with a loading efficiency of approximately 2.2%
(Fig. S2). In Fig. 2b, the potassium signal veries the presence of
the g-CD-MOF, while the gold signal conrms the existence of
gold nanoparticles again. Furthermore, Fig. 2b reveals that g-
CD-MOF complex crystals are uniformly distributed on the
surface of the functionalized lm.40 Finally, the cytotoxicity of
the g-CD-MOF complex was investigated, and the results
demonstrated that it exhibits no cytotoxicity within the
concentration range of 62.5–1000 mg mL−1 (Fig. S3).
3.2 Mechanical properties and water contact analysis

Mechanical properties are of critical importance to food pack-
aging lms during the packaging process, thereby highlighting
the necessity of guaranteeing their superior performance.41,42 As
presented in Fig. 3a, the stress–strain curve of the functional-
ized lm is analogous to that of the pure lm, which implies
that the two lms possess comparable elastic behaviors. Fig. 3b
demonstrates that the tensile strength of the functionalized
lm is on par with that of the pure lm. Furthermore, the
incorporation of g-CD-MOF complex crystals remarkably
improves the elastic modulus of the functionalized lm, while
simultaneously reducing its elongation at break, as evidenced
in Fig. 3c and d.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-Vis absorbance spectra of the g-CD-MOF complex and functionalized film immersed in water; (b) EDS elemental mapping of the
functionalized film (K signal: blue; Au signal: yellow).
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Hydrophilic food packaging materials are prone to being
affected by humid environments, which severely restricts their
application in the preservation and transportation of food
products. Consequently, improving the water resistance of
these packaging materials is of great signicance.43 To assess
the hydrophobic properties of the lms, water contact angle
analysis was conducted. As shown in Fig. 3e, the functionalized
lm exhibits hydrophobic characteristics, though its water
contact angle is notably lower than that of the pure lm. This
Fig. 3 Mechanical properties of the pure film and functionalized film, i
break, and (d) elastic modulus. (e) Contact angle and (f) antioxidant activ

© 2026 The Author(s). Published by the Royal Society of Chemistry
phenomenon can be ascribed to the high hydrophilicity of the
g-CD-MOF, whose structure contains a large number of hydro-
philic hydroxyl groups.20 Despite the inherent hydrophobicity of
polydimethylsiloxane, the introduction of g-CD-MOF complex
crystals leads to a reduction in its water contact angle. Addi-
tionally, a comparison of the WVTR between the pure lm and
the functionalized lm was conducted (Fig. S4). The results
demonstrate that under identical conditions, the WVTR values
of the pure lm and the functionalized lm are 150.68 and
ncluding (a) stress–strain curves, (b) tensile strength, (c) elongation at
ity of the pure film and functionalized film.
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173.37 (g (m2 24 h)−1), respectively. This observation indicates
that the incorporation of the g-CD-MOF complex moderately
enhances the WVTR of the functionalized lm.
3.3 Antioxidant properties

The antioxidant activity and free radical scavenging ability of
food packaging lms are critical, as free radicals can cause food
discoloration, rancidity, and off-avors.44 The antioxidant
activity of the lms was evaluated based on ABTS and DPPH free
radical scavenging assays, with the results presented in Fig. 3f.
The functionalized lm showed 44% DPPH scavenging activity
and 58% ABTS scavenging activity. Although the DPPH and
ABTS free radical scavenging capacities of the functionalized
lm were lower than those of organoselenocyanate-tethered
methyl anthranilate hybrids and organodiselenide-tethered
methyl anthranilates,45,46 they were signicantly higher than
Fig. 4 Antibacterial activity of the pure film and functionalized film agains
(b) a control and (c) after 24 hours treatment with the functionalized film;
with the functionalized film.

1150 | Sustainable Food Technol., 2026, 4, 1144–1156
those of the pure lm, as the latter exhibited only about 8%
DPPH scavenging activity and 5% ABTS scavenging activity. The
antioxidant activity of the functionalized lm is attributed to
the released gold nanoparticles, which exhibit signicant anti-
oxidant properties due to the unique characteristics of their
nanoparticle surfaces.47,48 Furthermore, the free radical scav-
enging activity of the functionalized lm, as measured by the
ABTS assay, was slightly higher than that observed with the
DPPH assay. This can be explained by the greater solubility of
the g-CD-MOF in pure water, which facilitates enhanced release
of gold nanoparticles.44
3.4 Antibacterial properties

To evaluate the antibacterial effectiveness of the lms, both E.
coli O157:H7 and S. aureus were used as test microorganisms.
The antibacterial performance against E. coli O157:H7 is shown
t (a) E. coliO157:H7 and (d) S. aureus; TEM images of E. coliO157:H7 as
TEM images of S. aureus as (e) a control and (f) after 24 hours treatment

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 4a. In comparison to the control, the bacterial population
on the pure lm increased aer 24 hours, indicating that E. coli
O157:H7 adhered to the pure lm surface, promoting bacterial
growth.49 This suggests that the pure lm does not effectively
inactivate E. coli O157:H7. In contrast, aer 24 hours of expo-
sure to the functionalized lm, a signicant reduction in
bacterial count was observed, highlighting the functionalized
lm's strong antibacterial properties against E. coli O157:H7.
Similarly, Fig. 4d further demonstrates that the functionalized
lm also signicantly reduced the bacterial counts of S. aureus.
Taken together, these ndings indicate that the functionalized
lm exhibits potent antibacterial activity, likely due to the
release of gold nanoparticles, which are known to have intrinsic
antibacterial properties.13

TEM images in Fig. 4b and c illustrate the morphology of
untreated and treated E. coli O157:H7, respectively. As shown in
Fig. 4b, the control E. coli O157:H7 retains an intact cell
membrane and characteristic structure. In contrast, aer
exposure to the functionalized lm, E. coli O157:H7 exhibits
severe damage, including cell lysis, membrane disruption, and
abnormal cellular swelling (Fig. 4c).50 Analogously, Fig. 4e and f
demonstrate that control S. aureus has intact membranes, while
treated S. aureus shows extensive damage. A large number of
gold nanoparticles are observed adhering to S. aureus cell
surfaces, resulting in membrane rupture and leakage of intra-
cellular contents.50,51 Additionally, the gold nanoparticles may
interact with other organelles such as the cell membrane and
may also inhibit specic proteins involved in cellular respira-
tion, thus causing cell death.52–54
Fig. 5 Changes in (a) nucleic acids, (b) proteins, and (c) membrane pote
different times. Changes in (d) nucleic acids, (e) proteins, and (f) membran
different times.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.5 Antibacterial mechanism

In bacteria, the cell membrane functions as a protective barrier.
Disruption of the cell membrane by antimicrobial agents leads
to the leakage of intracellular ions (e.g., K+ and Na+) and other
macromolecules.28 Additionally, macromolecules such as
nucleic acids and proteins exhibit characteristic absorbance
peaks at 260 nm and 280 nm, respectively.55 Fig. 5a and b depict
the leakage of nucleic acids and proteins from E. coli O157:H7,
while Fig. 5d and e show the same for S. aureus. The results
reveal that the absorbance values of all experimental groups are
signicantly higher than those of the control groups. This
conrms that treatment with the functionalized lm caused
severe disruption, thereby impairing the integrity and perme-
ability of the bacterial cell membrane.28,56

Rh 123, a positively charged probe that enters cells through
diffusion, was employed to assess the mitochondrial membrane
potential.57 Under normal circumstances, cells sustain stable
intracellular membrane potentials, which are crucial for
maintaining normal cellular function.58 The results of the
membrane potential assays for E. coli O157:H7 and S. aureus are
presented in Fig. 5c and f, respectively. These results show that
the mitochondrial membrane potential in the control groups
was higher than that in the experimental groups. Furthermore,
the uorescence intensities of both control and experimental
groups decreased steadily over time. This implies that an
increasing proportion of bacteria might have entered an inac-
tive state with prolonged incubation.59,60 Taken together, these
ndings conrm that treatment with the functionalized lm
induced a reduction in the mitochondrial membrane potential
of the tested bacteria.
ntial of E. coli O157:H7 after treatment with the functionalized film for
e potential of S. aureus after treatment with the functionalized film for
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Fig. 6 Effects of the pure film and functionalized film on various parameters, including (a) pH, (b) TVB-N, and (c) TVC of fish fillets stored under
controlled conditions at 4 °C.
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3.6 Freshness of large yellow croakers during storage

3.6.1 pH analysis. pH is a crucial indicator for evaluating
the quality of sh products. The trend of pH changes in sh
llets during storage at 4 °C is shown in Fig. 6a. It clearly
illustrates that pH increased over the storage period, with values
rising from the beginning to the 10th day. The pH of the control
group rapidly increased to 7.8 by the 10th day. In contrast, the
pH of the pure lm and functionalized lm groups increased
more gradually during the rst 6 days. Specically, in the
functionalized lm group, the pH of the sh llets started at
6.76 ± 0.07 on day 1, dropped slightly to 6.70 ± 0.02 on day 4,
and then steadily increased to 7.29 ± 0.02 by day 10. Similar
results were reported in previous studies.61

The primary cause of the initial pH decline is the hydrolysis
of ATP to phosphoric acid following the death of the sh, along
with the anaerobic degradation of glycogen to lactic acid. This
process leads to the accumulation of acidic metabolites,
resulting in a decrease in pH.62 In the later stages, as the sh
enters the autolytic spoilage phase, proteolytic enzymes and
alkaline microorganisms break down proteins into volatile
compounds such as ammonia, dimethylamine, and tri-
methylamine. This process leads to an increase in pH due to the
accumulation of these alkaline substances.63

3.6.2 TVB-N analysis. TVB-N levels are a critical indicator of
nitrogenous compounds, particularly volatile amines, produced
during the breakdown of proteins in sh meat.64 Fig. 6b pres-
ents the TVB-N test results for sh stored at 4 °C. The TVB-N
value increased with storage time across all groups. However,
the functionalized lm group consistently exhibited lower
values compared to both the pure lm and control groups. For
instance, on day 4, the TVB-N value for the functionalized lm
was only 8.71 mg/100 g, whereas the pure lm and the control
group had values of 17.42 mg/100 g and 14.93 mg/100 g,
respectively. Moreover, during the rst six days, the function-
alized lm maintained a relatively low TVB-N value of approxi-
mately 26.13 mg/100 g. A similar result was reported in
a previous study.65 Proteins in freshmeat decompose, leading to
the production of TVB-N, which primarily consists of ammonia
compounds and dimethylamine. This process occurs due to the
interaction between proteases produced by microbial
1152 | Sustainable Food Technol., 2026, 4, 1144–1156
metabolism and endogenous enzymes in fresh meat.66 There-
fore, the lower TVB-N value in the functionalized lm group is
likely due to more microorganisms being inactivated, resulting
in less protease production as a result of the antibacterial
properties of gold nanoparticles in the functionalized lm.67

According to the Chinese Standard GB 2707-2016, the TVB-N
limit for edible sh is set at 30 mg/100 g, and sh with TVB-N
levels above this threshold are considered spoiled. Therefore,
these results suggest that the functionalized lm performed
effectively in maintaining sh freshness.

3.6.3 TVC analysis. The surface of a dead sh harbors
numerous bacteria, which accelerate the decay process. There-
fore, the measurement of the TVC is one of the most critical
criteria for evaluating the quality of stored sh.68 Fig. 6c pres-
ents the TVC results for sh stored at 4 °C from day 0 to day 10.
On day 1, the sh's bacterial count in all groups was only 3.61 ±

0.17 log CFU g−1. However, the bacterial count increased rapidly
as storage time progressed, likely due to the sh providing an
ideal environment for bacterial growth.69 The functionalized
lm group exhibited a lower bacterial count compared to both
the control and pure lm groups during the rst four days. This
slower increase in bacterial count can be attributed to the
strong antibacterial properties of the g-CD-MOF complex in the
functionalized lm, which helps prevent microbial growth.
These results demonstrate that the functionalized lm
possesses effective antibacterial and preservative capabilities.
Finally, the stability of the functionalized lm was indirectly
evaluated by testing the UV-Vis spectra of the g-CD-MOF
complex stored at different temperatures for 7 days (Fig. S5).
The results showed that the UV-Vis spectra were almost iden-
tical across all tested temperatures, indicating that the func-
tionalized lm can exist stably and maintain its continuous
functionality.
4 Conclusion

In this study, a functionalized lm was successfully fabricated
by immobilizing a g-CD-MOF complex onto a poly-
dimethylsiloxane substrate. Characterization revealed that the
g-CD-MOF complex modulated the lm's physicochemical
properties, including the tensile strength and water contact
© 2026 The Author(s). Published by the Royal Society of Chemistry
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angle, which are key parameters for packaging applicability.
The lm exhibited remarkable antioxidant activity with DPPHc+

and ABTSc+ scavenging rates of 44% and 58%, respectively,
signicantly higher than those of the pure PDMS lm, as well as
potent antibacterial efficacy that reduced E. coli O157:H7 by
99.4% and S. aureus by 80% within 24 hours. During 4-day
refrigerated storage of sh llets, it effectively maintained pH at
6.70 ± 0.02 and TVB-N at 8.71 mg/100 g while suppressing TVC
to levels substantially lower than those in the control and pure
lm groups. Collectively, the functionalized lm prolongs the
shelf life of refrigerated sh llets by inhibiting microbial
proliferation and retarding lipid oxidation, ensuring storage
safety and freshness. Future work will focus on expanding
applicability to more aquatic products, and investigating
biodegradability to align with green packaging trends, thereby
promoting its practical use in food preservation and packaging.
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